We consider the 4-state model for actomyosin interaction shown in Fig. 1 of the main text and reproduced here below (see Fig. 1 ). Briefly, unbound (or weakly-bound) myosin with ADP and phosphate (P i ) in its active site transitions to a state where it strongly binds to actin. We label the former state (un-/weaklybound with ADP and P i in the active site) state 1, while the latter state (bound with ADP in the active site) is state 2. Once strongly bound, myosin may release ADP in a force-dependent process. It then enters the rigor state, state 3. Having released both ADP and phosphate, myosin's nucleotide binding pocket is empty and the molecule may bind ATP, and upon doing so, unbind from actin. This unbound state with ATP in the active site is state 4. Once ATP is bound and myosin has detached from actin, myosin may hydrolyze ATP and revert to the pre-powerstroke conformation, state 1 (see Fig. 1 ). ∞ −∞ η(x, t)dx. Therefore, η(x, t) has units of 1/length, while n(t) and N (t) are dimensionless.
In the model, some care must be given to determining which states and state transitions depend on molecular extension. In particular, the probability of a myosin molecule being in a state where myosin is unbound from actin (states 1 and 4) is a function of time only n(t). However, when myosin is attached to actin (states 2 and 3), we must consider the probability density of myosin being in that state with some extension x, η(x, t). The probability that myosin is in this attached state is then N (t) = State transitions, too, depend on molecular extension (e.g. ADP release occurs at a rate k d (x)). Furthermore, when myosin binds to actin we must consider not only the probability of myosin binding, but also the probability density of myosin binding with some extension x. This rate density is κ a (x) and the overall attachment rate is k a = ∞ −∞ κ a (x)dx. The rate density has units of 1/length · time. Assuming a large number of cross-bridges, so that the mean-field approximation is appropriate, and assuming that myosin may bind anywhere on actin (a dense binding site approximation [41] ) the system is then governed by the following coupled integro-PDEs [e.g. 20, 29, 30] :
where n i (t) is probability, η i (x, t) a probability density, k i a rate constant and κ i (x) a rate density. Mass conservation gives us the following expression (which is implicit in the above four equations):
Note that we assume k T is insensitive to myosin extension [24] . Reactions that occur while myosin is unbound from actin (k + h and k − h ) occur at a constant rate. We are then left with specifying functions for κ a (x), the attachment rate density, and k d (x) the ADP release rate.
Experimental measurements suggest that ADP release occurs with the following force dependence [3, 49, 24] : k d (x) = k 0 d exp(−F δ x /k B T ) = k 0 d exp(k(x + d)δ x /k B T ) where we have assumed that myosin acts as a linear spring of stiffness k (note that this molecular stiffness should not be confused with the rate constants, which are given by k i where i = h, d, T, · · ·).
Assuming that binding sites are dense along actin, and assuming that myosin binds equally at these binding sites, we might expect that myosin's binding density as a function of extension should be roughly proportional to the probability that free myosin has a given extension. Myosin then has a binding density of the form
Such Gaussian attachment rate densities are common in models of acto-myosin interaction [36, 13, 44] . A more careful derivation of this rate density [41, 51] , is
where κ 0 is the reaction rate density at x = 0, w is the width of the potential well associated with the binding site and L is the minimum separation distance between actin and unstrained myosin. The Gaussian approximation, Eq. 2, may be seen as simply the assumption that w is small. Typical values of myosin extension x are expected to be on the order of tens of nanometers. Actomyosin separation L and the binding site width are presumably an order of magnitude smaller than this, so that it seems reasonable to assume wL/x 2 1. Given these assumptions, we can solve the integro-PDEs numerically [51] . It is useful to also consider approximations to the steady-state solution of these equations.
A semi-analytic approximation
We now derive a semi-analytic approximation to the solution of these equations in steady-state. In particular, besides solving for η 2 (x) as a function of actin sliding rate v, we also solve for ensemble force F as a function of sliding rate v. These solutions include the exponential integral function E 1 (x) = ∞ 1 exp(−xt)dt/t and the integral Q(x) = ∞ 0 t exp(−x exp(t))dt. These values are tabulated. To find this solution, we make two additional assumptions:
1. We assume that the ATP concentration, [T ] , is large so that the state η 3 ≈ 0;
2. We assume that the attachment rate density can be approximated by a delta function κ a ≈ k 0 a δ(x).
With these assumptions, the equations reduce to (where we use the conservation of mass rather than the equation for n 1 )
where k D = k 0 d exp(kdδ x /k B T ). We may further simplify these equations by introducing the symbol N = ∞ −∞ η 2 dx, and solving for η 2 , which we now denote simply by ρ. Then, we have a single integro-differential equation:
near zero, we may write
since ρ(0 + ) = 0, this equation gives an expression for ρ in the neighborhood of zero, which we henceforth call ρ(0) as
away from zero, we may write
combining the two expressions, we may explicitly write out the steady-state distribution ρ(x) as
with the assumption that x ≤ 0. We must now solve for N by integrating both sides with respect to x:
so that, finally, we have
we are most interested in force, which can be determined from the expression
This is the expression of steady-state force as a function of velocity (i.e. the force-velocity curve).
An analytic approximation in the absence of external force
Several experiments of interest, most notably the in vitro motility assay, involve myosin moving actin in the absence of external force. We will first non-dimensionalize Eq. 6 and then consider the solution for F = 0. We will find a simple approximation of its value. Next, we will derive expressions for two values of interest, d ∞ the distance over which myosin stays attached to actin and t ∞ the strong binding lifetime. Again, simple analytic approximations for these variables can be found. We discuss the relationship between these variables and the value of these variables in single molecule experiments.
It is convenient to introduce a series of non-dimensional variables:
when F = 0, this equation reduces to
This equation is the solution of Eq. 6 for F = 0. It is transcendental, but can be numerically evaluated.
Note that the value of V , the non-dimensional speed, and also V a variable we will discuss in detail below, depend only on the non-dimensional parameter E. If E is relatively large (and thus V is large) there is an analytic approximation of this unloaded contraction speed.
The variable dk 0 d can also be written d 1 /t 1 , where t 1 is myosin's strong binding lifetime and d 1 myosin's unitary step size as measured in the laser trap at high [AT P ]. This expression can be thought of as the rate at which a single myosin molecule moves actin, v 1 . Ignoring intermolecular interactions, this is the rate a large ensemble of myosin molecules would move actin [e.g. 47, 54] . Thus, V is the ratio of actin speed with intermolecular interactions (v) to actin speed without intermolecular interactions (v 1 ). In general, Eq. 8 shows that v = v 1 , and in particular v > v 1 (see Fig. 5 of the main text) -in other words, intermolecular interactions accelerate free actin speed.
Assuming that actin speed is limited by ADP release (sometimes called the "detachment limited" model for actin motility [21, 40] ), then actin speed can be written v = d ∞ /t ∞ . The result v > v 1 then means that d ∞ > d 1 and/or t ∞ < t 1 . We now show that both of these inequalities are correct: intermolecular interactions increase the distance over which myosin remains bound to actin d ∞ while decreasing the time that myosin remains bound to actin t ∞ .
Attachment time and distance
The attachment distance d ∞ is the average distance that actin moves during a single myosin attachment. For a single, isolated molecule, myosin binds at x ≈ 0 and undergoes its power stroke of size d. Actin rapidly slides forward a distance d and myosin relaxes to an un-extended configuration. Thus, in the single molecule case, d 1 = d since actin travels a distance d each time myosin attaches to actin.
To calculate d ∞ from the simplified model described in the previous subsection, we must find the average extension of the detaching myosin molecules. Since they bind in the unextended position, x = 0, d ∞ is equal to the expectation value of the extension of detaching molecules. This can be written
using the expressions derived in the previous section, we have
which can be solved and non-dimensionalized (where we introduce the non-dimensional variable D = d ∞ /d):
Which, when combined with Eq. 7, provides a good approximation of attachment distance (see Fig. 5 of the main text). Note that, like Eq. 7, this expression depends only on the non-dimensional variable E. Again, if E (and therefore V ) is relatively large, we may make a simple approximation:
Here, it is clear that D > 1, so that the attachment distance is always larger than d and thus intermolecular interactions increase the attachment distance. Note that there is an upper bound on d ∞ of 2d. The attachment lifetime, t on , is the average time that myosin stays strongly bound to actin.
where t a is the time since a myosin molecule at x has been attached. Note that our assumption of δ-function attachment rate density allows us to write the relation t a = x/v. Thus, we have
This result is not surprising, but demonstrates that actin motility is indeed detachment limited, since we
This equation allows us to find T from Eq. 7 and 9. Note that, since both V and D depend only on the parameter E, so too does T . As before, if E (and therefore V ) is relatively large, we may make a simple approximation
Validation
Using estimates of the eight parameters (k a , k 0 d , k + h , k − h , k T , k, δ x and d) for both smooth and skeletal myosin, we find that E ≈ 1.88 and E ≈ 1.35, respectively, apply to smooth and to skeletal myosin in vitro. We performed Monte-Carlo free motility simulations of large myosin ensembles (400 available heads) at these values, and then varied myosin stiffness k to determine the validity of the analytic and semi-analytic approximations. For smooth muscle myosin, we considered [AT P ] = 1mM and 4mM. For skeletal muscle myosin, we considered [AT P ] = 4mM. At these high ATP concentrations, rigor myosin should contribute negligibly to force, as assumed in our derivation of the approximations.
As shown in Fig. 5 of the main text, the semi-analytic approximation agrees with the simulations for all values of E considered (E = 0.899, 1.348, 1.570, 1.797, 1.884, 2.198, 2.512 and 2.826). The analytic approximation, valid at large E, provide reasonable estimates of V and T for all but the smallest value of E (E = 0.899), but only provide good estimates of D for larger values of E (E = 1.797, 1.884, 2.198, 2.512 and 2.826). Based on these results, we conclude that the analytic approximation for large E (Eq. 8) applies to smooth muscle myosin, while the semi-analytic approximation must be applied to skeletal muscle myosin.
Estimating parameters
Our kinetic model has eight parameters,
For smooth muscle, we may estimate all model parameters except myosin's stiffness k from the literature. For skeletal muscle, we do not know k, δ x and k 0 d . Ideally, we would determine these unknown values from fits to all available data, however such an approach is intractable as simulations are too computationally expensive. Instead, our approach was to find the parameter values that best fit a subset of the data, and then to test whether simulations with these parameter values fit the remainder of the data. We now describe our parameter estimates from literature and then our fitting procedure.
Parameter estimates from literature
We consider experiments with both skeletal muscle myosin (chicken pectoralis) and smooth muscle myosin (plus insert). Temperature varied slightly in the experiments, with laser trap experiments conducted approximately at room temp [e.g. 53, 15, 11] , and motility experiments conducted approximately at 30 C [e.g. 12, 16] . Experiments were performed in buffers with an ionic strength of approximately 0.025 M [e.g. 53, 15, 11, 12, 16] . In this section, we describe the parameter estimates from previous direct experimental measurements; in the next section, we describe our indirect parameter estimates.
For smooth muscle simulations, we use the laser trap measurements of Kad et al. [24] , of k 0 d = 18s −1 and δ x = −2.6nm. These values agree with solution measurements of ADP release that range from 15 to 79s −1 [31, 8, 42, 24] , and the measurements of Veigel et al. [49] of δ x = −2.7nm. Based on solution measurements of the pseudo first-order rate of ATP binding and myosin detachment from actin of k T = 1 to 2µM −1 s −1 [31, 24] , we used k T = 1.2µM −1 s −1 . We assume that ATP hydrolysis off actin occurs at k + h = 100s −1 [39] and the reaction reverses at k − h = 10s −1 [19] . Using these estimates of rate constants, the overall attachment rate k a , including phosphate release and a transition from a weakly-to a strongly-bound state, may be estimated from steady-state ATP turnover experiments (briefly, we used the kinetic model in Fig. 1 and, since these experiments are performed with myosin free in solution, we used the values of all rate constants in the absence of force. Instead of the set of linear integro-PDEs, we then had a set of linear ODEs. At steady-state, this is a system of linear equations. We then solved for the binding rate that results in the experimentally measured steady-state ATPase by finding the null-space of a matrix). With saturating actin, the maximum steady-state ATPase rate is about 4s −1 [38] , giving an attachment rate of k a = 6s −1 . For both smooth and skeletal muscle, we assume a step of size d = 10nm [15] . Thus, the only parameter we cannot directly measure for smooth muscle is the cross-bridge stiffness k.
For skeletal muscle, ADP release is very fast at room temperature [31, 33] , so we must estimate k 0 d and δ x indirectly (see the following section). Under the conditions considered here (ionic strength of about 0.025M and T ≈ 25C), solution studies suggest that ATP binding occurs at about k t = 2µM −1 s −1 [33] . We use this value in our simulations. Steady-state ATPase is around 25s −1 [28, 4, 6, 7, 35] . With our parameters (some of which we estimate in the next section), a binding rate of k a = 40s −1 for skeletal muscle gives a similar steady-state ATPase. Thus, there are three parameters we cannot directly measure for skeletal muscle: k 0 d , δ x and k.
Determining k for smooth muscle
To estimate smooth muscle myosin's stiffness k, we used the motility measurements of Walcott et al. [53] , Harris and Warshaw [16] and Harris and Warshaw [17] at [AT P ] = 1mM. In these experiments, motility at 1mM ATP was between 0.5 and 0.7µm/s. Although some researchers report faster motility [e.g. 38], these lower values seem most consistent with the bulk of measurements in the literature [e.g. 46, 26] . We therefore performed a series of simulations allowing myosin's stiffness to vary, and determined what range of stiffnesses results in motility speeds between 0.5 and 0.7 µm/s.
We performed these simulations at variable myosin stiffness at [AT P ] = 1mM using the Gillespie Algorithm. Complicating these simulations is the fact that we do not know the exact number of molecules interacting with an actin filament. We therefore considered ensembles of 100, 200 and 400 available myosin heads (there is little difference between these simulations). Comparing the model to experimental measurements, we find that k is between 0.22 -0.32pN/nm (see Fig. 2a ). Molecular stiffnesses larger than this value, say k = 0.5pN/nm strongly overestimate in vitro motility speed. Further supporting this stiffness estimate, we note that a molecular stiffness of k = 0.3pN/nm correctly predicts the actin filament length dependent motility experiments of Walcott et al. [53] and Harris and Warshaw [16] , while higher molecular stiffnesses (e.g. k = 0.5pN/nm) are inconsistent with these data (see Fig. 2b ). Thus, k = 0.3pN/nm is our best estimate of smooth muscle myosin's stiffness, although the actual stiffness may be as low as 0.22pN/nm or as high as 0.32pN/nm.
Determining k, δ x and k 0 d for skeletal muscle
For skeletal muscle, we must estimate k 0 d , δ x and k. We assume that smooth and skeletal muscle myosin have similar stiffnesses, so that k = 0.3pN/nm. To find the remaining parameters (k 0 d and δ x ), we used in vitro motility measurements at [AT P ] = 1 mM [12] and a small ensemble force-velocity curve at [AT P ] = 100µM [9] . We first performed a series of simulations of in vitro motility, systematically varying k 0 d and δ x to determine a range of parameters that are consistent with the measurements of Debold et al. [12] . We then performed simulations to determine which of these parameters (if any) were consistent with the small ensemble force-velocity measurements of Debold et al. [9] . Note that, based on the measurements of Marston and Taylor [31] , we assume k 0 d ≥ 350s −1 . For the motility assay, we used the Gillespie algorithm to simulate 100 available myosin heads at a series of solution ADP release rates from k 0 d = 300s −1 to k 0 d = 700s −1 (k 0 d = 300, 400, 500, 600 and 700s −1 ). At these ADP release rates, we varied the load dependent parameter δ x from 0 to −2.0nm (δ x = 0, −0.5, −1.0, −1.5 and −2.0nm). The in vitro motility measurements of Debold et al. [12] are only consistent with a subset of these simulations (see Fig. 2c ).
We chose parameters at the extreme of this subset, slow ADP release and large force-dependence (k 0 d = 350s −1 , δ x = −1.86nm) and fast ADP release and small force-dependence (k 0 d = 650s −1 , δ x = 0nm) to examine whether they were consistent with ensemble force-velocity data [9] . Simulations with fast ADP release and small force-dependence (k 0 d = 650s −1 , δ x = 0nm) were inconsistent with the data, showing almost no curvature in the force-velocity relationship. However, simulations with slow ADP release and large force-dependence (k 0 d = 350s −1 , δ x = −1.86nm) were consistent with the data (see Fig. 2d ). We therefore chose this latter parameter set (k 0 d = 350s −1 , δ x = −1.86nm) for our simulations. Note that this parameter set successfully predicts single molecule measurements, in vitro motility at variable [AT P ], actin filament length-dependent in vitro motility and small ensemble force-velocity at [AT P ] = 30µM (see Figs. 2, 3 and 4 of the main text). Thus, although we used a subset of experimental measurements to estimate parameters, the model successfully predicts a large number of measurements without doing any additional parameter fits. The model is therefore strongly supported by the data. Adding further support to the model is the observation that the fitting parameters are consistent with independent experimental measurements (see the section In vitro mechanical data strongly support the model in the main text). Figure 2 : Estimating parameters in the model. a) Actin speed as a function of myosin stiffness for smooth muscle myosin for variable ensemble sizes. The range of experimental measurements is shown in light gray, the range of possible myosin stiffnesses in dark gray. The best fit value was k = 0.3pN/nm. b) Our estimate of myosin stiffness, k = 0.3pN/nm, also fits actin filament length dependent motility measurements. We show simulations for three values of myosin stiffness. Only k = 0.3 is consistent with experimental measurements. c) Actin speed as a function of unloaded ADP release rate, k 0 d , for several different force dependence values, δ x . Only a subset of these simulations were consistent with the experimental measurements of Debold et al. [12] (the allowed parameters are shown in dark gray, experimental measurements in light gray). d) Only simulations with large force-dependent (δ x ) and small unloaded ADP release (k 0 d ) are consistent with force-velocity measurements [9] . The best-fit values are k 0 d = 350s −1 and δ x = −1.86 (parameter set 1).
Simulation details
In order to best evaluate the model, we made an effort to simulate the physics of the experiments and to analyze the resulting simulated data using the same algorithms used to analyze experimental data. Here, we describe the details of our simulation of each experimental system.
Single molecule laser trap
In the laser trap, an actin filament is manipulated via beads attached to either end. The lasers create a potential well that "traps" the beads. For small displacements, this potential is well-modeled as quadratic, though for large displacements non-linear terms must be taken into account. We assumed that the potential was precisely quadratic. Brownian motion causes this bead-actin-bead assembly to fluctuate randomly. As the potential from the laser is approximately quadratic, the laser may be thought of as a linear spring with some stiffness k trap . The position of the bead-actin-bead assembly therefore samples a Gaussian distribution with standard deviation proportional to the reciprocal of the square root of trap stiffness (1/ k trap ). Here, we have assumed Boltzmann statistics.
In general, we must consider the stiffness of the actin and the connection between the beads and actin. To model these effects, we would have to introduce additional parameters (the various stiffnesses) that are known only approximately [e.g. 50, 22, 27, 48] . In our model, for simplicity, we neglect these effects. We anticipate that this simplification will have only a small effect on our simulations, as various bead attachment procedures give similar results for step size and attachment time (e.g. biotin-avidin, NEM myosin [53, 15, 11] ).
To collect data, the bead-actin-bead system (also called a "dumbbell") is moved toward a myosin molecule on the surface. The position of that myosin molecule fluctuates as a function of time due to Brownian motion. Again, assuming Boltzmann statistics, the molecule samples a Gaussian distribution of positions with standard deviation proportional to the square root of the reciprocal of myosin's stiffness (1/ √ k). Note that here, as with all simulations and experiments, "myosin's" stiffness includes both the stiffness of myosin itself, the stiffness of the protein used to attach myosin to the surface (if applicable) and the stiffness of the surface itself. These latter stiffnesses may or may not be negligible.
In our simulations, we used the Gillespie algorithm to determine when myosin initially binds to actin. At the initiation of binding, we determined where the dumbbell was with respect to the center of the laser's potential well (we picked a random number from a Gaussian distribution with standard deviation k B T /k trap ). We also determined where the myosin molecule was with respect to its undeformed position (we picked a random number from a Gaussian distribution with standard deviation k B T /k). We then assumed the system immediately came to mechanical equilibrium, but continued to fluctuate due to Brownian motion. Thus, since the stiffness of the dumbbell now included both the laser trap and myosin's stiffness, we assumed that the position of the dumbbell sampled a Gaussian distribution with standard deviation k B T /(k + k trap ). Due to these thermal fluctuations of actin and myosin, a bound myosin molecule generally experiences non-zero average force. Specifically, since both the position of myosin and the position of the dumbbell fluctuate, when myosin binds to actin, neither is in its equilibrium position. Additionally, since a bound myosin rapidly undergoes its power stroke and the laser trap does not move, the laser trap applies an average non-zero force to myosin. This force affects myosin's ADP release rate. In our simulations, we determined the average force on myosin each time it bound to actin, and then used the average force to calculate the ADP release rate, which is in general not equal to the ADP release rate measured in solution k 0 d . We assumed that the position was faithfully recorded by the quadrant photodiode (QPD), therefore neglecting electronic noise or other measurement noise. We sampled position at 4000 Hz, a similar rate to some experimental measurements [e.g. 1, 2, 53]. The resulting simulated data appeared similar to experimental measurements, although with a larger signal to noise ratio. This result is not surprising, as we neglect various sources of noise (e.g. actin-bead connection compliance, actin compliance, electronic noise, stage drift). We generated data traces over times comparable to experimental measurements.
We analyzed these data traces using mean-variance analysis [37, 15] . Our algorithm followed that described in Patlak [37] ; our selection of the event population was similar to that used in experiments [e.g. 15]. Window widths were selected to be similar to experiments, and were varied to ensure that our simulation results remained the same for reasonable choices of these values. The simulated data appear similar to experimental measurements, though with less noise (compare Fig. 3 with Fig. 2 of Baker et al. [2] ). [37, 15] of the traces (inset, right and below). The data used to find step size d 1 and attachment time t 1 is indicated in the top right MV histogram [15] . The simulated data are qualitatively similar to experimental measurements cf Fig. 2 of Baker et al. [2] .
Small ensemble laser trap
In a laser trap experiment, if the surface density of myosin is sufficiently increased, the bead-actin-bead assembly (also called a dumbbell) moves smoothly over long distances. It is possible to program a computer to adjust laser position in real-time to apply a constant mean force on the dumbbell [9] . In a remarkable result, when the computer cycles through a ladder of forces and the mean velocity of the dumbbell is measured, the resulting force-velocity curve can be fit with the same curves that fit muscle fiber data [9, 18] . Note that this result occurs only for a narrow window of myosin surface densities: if the density is too low, smooth motion does not occur and force-velocity measurement becomes impossible; if the density is too high, it becomes impossible to apply sufficient force to slow the velocity of the dumbbell (the maximum force that can be applied to the system without breaking actin or pulling off the beads is around 15-20 pN).
Using the same physical model as in our single molecule laser trap simulations, we simulated these experiments. Since these simulations incorporate multiple myosin molecules, we had to calculate intermolecular forces. As before, we calculated the position of myosin and dumbbell position at the moment any new myosin attached. We assumed that mechanical equilibrium was achieved rapidly. Each myosin molecule therefore experienced (in general) a different non-zero force, and therefore had a different ADP release rate (following Bell's approximation). We readjusted dumbbell position upon detachment of myosin, and if all myosin detached, we repositioned the dumbbell back to a reference position (a similar procedure is used in experiments).
To simulate varying the surface density of myosin, we varied the number of myosin molecules interacting with the dumbbell. We applied a constant force to the dumbbell, cycling through the same forces for the same times as were used in experiments [9, 53] . We then fit the data traces with linear curves, using the slopes of these curves as the average velocity (the same procedure was used in Debold et al. [9] and Walcott et al. [53] ). Our simulated data was similar to experimental measurements (see Fig. 4 of the main paper).
As observed experimentally, in our simulations, these force-velocity measurements were only possible for a relatively narrow range of myosin surface densities. The data were best fit with densities near the lower bound. Note that, in experimental measurements, as the dumbbell is lowered to the surface, the probability of encountering a particular number of myosin molecules should have a Poisson distribution. Experiments are not a faithful representation of this distribution, but rather are skewed to favor successful measurements. For example, in one experiment, one might lower the dumbbell down to the surface several times before getting a data trace that can be analyzed. Presumably, some of these unusable data traces result from situations where too few myosin molecules interact with the dumbbell. Thus, the experimental data is biased towards the upper limit of the Poisson distribution.
In our simulations we neglect this complexity, assuming a constant number of myosin molecules interacting with the dumbbell. This simplifying assumption might explain why our error is smaller than experimental measurements [9, 53] , as myosin number should vary in experiments. Additionally, this result might explain why we predict more myosin molecules interacting with actin than Debold et al. [9] . Specifically, they report the mean of the Poisson distribution, while we expect their measurements to be biased toward larger myosin numbers. The measurements of Walcott et al. [53] were at a higher density, and so we expect this bias to have a smaller effect.
It is worth noting that our model predicts that the force-velocity relationship measured in these small ensembles, though qualitatively similar to what would be measured in large ensembles, contains quantitative differences. In particular, large ensembles give force velocity curves that have higher curvature and faster unloaded speed (i.e. the data point at 0 force).
Motility assay
In an in vitro motility experiment, fluorescent actin filaments glide over a 2D surface covered with myosin. The 2D nature of this system is important in some experiments, particularly for long actin filaments at low myosin surface density [47] . However, at high myosin density or with relatively short filaments, the 2D nature should be less important since actin is stiff and is propelled unidirectionally. In our simulations, for simplicity we therefore assumed precisely 1D motility.
In each simulation, we simulated a constant number of myosin molecules interacting with an actin filament. We used the same basic simulation techniques as used in the small ensemble laser trap:
1. Using the Gillespie algorithm, determine which chemical reaction occurs and when that reaction happens;
2. Using a mechanical model of actin and myosin, determine their position upon attachment;
3. Keep track of the force on each myosin to determine individual ADP release rates;
4. Restore mechanical equilibrium upon the detachment or attachment of myosin;
If all myosin molecules detached, we assumed that (on average) actin remained stationary. Note that this assumption results in a slightly underestimated actin speed, since free actin should perform a random walk with non-zero speed. This effect is small. To simulate filament length-dependent motility, we varied the number of myosin molecules interacting with a filament. We assume a constant number of myosin molecules, while experimentally, this number varies slightly.
Numerical simulation of integro-PDEs in steady state
We numerically simulated the integro-PDEs (Eqs. 1) at steady state and in the absence of external force (see Fig. 3 of the main text). A similar procedure can be used to simulate the integro-PDEs at variable force.
We start by assuming steady-state, which reduces the equations to a set of coupled integro-ODEs. We then choose to use mass conservation rather than the fourth equation of Eqs. 1:
We then have the constraint that the overall force is zero:
Given values for v, ∞ −∞ η 2 dx and ∞ −∞ η 3 dx, we could solve these equations. We therefore assume a value of v and perform a root find (e.g. Newton's method) to find the values of ∞ −∞ η 2 dx and ∞ −∞ η 3 dx that satisfy conservation of mass. In general, the value of v we pick will not satisfy the zero force constraint, so we must do another root find on v to satisfy this constraint. We therefore have two nested root finds, which is computationally expensive. We may nevertheless perform these numerical simulations at variable concentrations of ATP (see Fig. 3 of the main text). To generate a force-velocity curve, we would simply use a non-zero force constraint. These numerical simulations allow us to determine myosin's behavior in the limit of an infinitely large ensemble.
Data selection
Many different labs have performed mechanical experiments on actin and myosin in vitro at both the single molecule and ensemble level. There are some inconsistencies in these measurements. For example, myosin's unitary step size has been reported to be 5 nm [32] , 10 nm [15, 14] , 8 nm [25] and more than 20 nm [43] . Some of these discrepancies may be due to different myosin preparations, with the S1 fragment tending to produce smaller unitary steps than heavy meromyosin (HMM) or intact myosin [23] . Alternatively, differences may arise due to data analysis methods. It is not our aim to resolve these discrepancies; instead, we wish to address discrepancies between single molecule and ensemble experiments from the same lab under similar conditions [e.g. 1, 2] . As small ensemble force-velocity measurements have been performed only by a single lab (the Warshaw lab [9, 10, 53]), we have selected measurements primarily from this group. In this way, we have tried to control, as much as possible, effects due to different experimental conditions, preparations, buffers or more subtle variations.
Do we neglect important effects?
To keep the model simple, we have neglected some aspects of the interaction of actin and myosin. That the model fits experimental data justifies our assumptions to some degree. Nevertheless, these neglected effects might have an impact on our parameter estimates. We therefore now briefly discuss two effects that we neglect in our model: first, the sub-step that occurs upon ADP release, and second actin compliance.
How does a sub step upon ADP release change the model?
There is experimental evidence to suggest that myosin does not perform its entire power stroke at once [49, 5] . In particular, upon strong binding, myosin is thought to undergo the majority of its power stroke, but the remaining few nanometers of displacement occurs during ADP release. Indeed, it is this small displacement upon ADP release that underlies its force-dependence [e.g. 49, 24] . In our model, we neglect this sub-step since it adds another difficult-to-measure parameter to the model. We nevertheless retain the force-dependence of ADP release, so our assumption is the sub-step is small compared to the step that occurs upon the initiation of strong binding. Here, we argue that our assumption has only a small effect on our parameter estimates.
To understand how neglecting the sub-step affects our model, consider the analytic calculation of actin velocity from Eq. 8. This calculation remains the same regardless of the existence of a sub-step. In the calculation, we found that the non-dimensional speed V depends only on the variable E = −kδ x d/k B T . Here, d is the displacement that occurs upon the initiation of strong binding. For smooth muscle, assuming that d = 10nm, we estimated that E ≈ 1.88 from fits to experimental data, which since δ x = −2.6nm, gives an estimate for myosin stiffness k = 0.3pN/nm. Now, suppose that there is a 3 nm sub-step that occurs upon ADP release, so the actual value of d is 7 nm. We then find that k = −Ek B T /δ x d = (1.88)(4.14pN · nm)/(2.6nm)(7nm) = 0.43pN/nm. This value is similar to our estimate of k = 0.3pN/nm and both are within the experimental error of the measurements of Veigel et al. [48] . Being within the bounds of experimental error, we argue that this error of a few tenths of a pN/nm is, for our purposes, negligible. Note that this effect is most pronounced in smooth muscle, where the sub-step is thought to be larger than in skeletal [49, 5] .
How does actin elasticity change the model?
We assume that actin is perfectly rigid. Recent simulations have argued that actin elasticity is important and, at least for some applications, should not be neglected [44] . Additionally, at low myosin density, long actin filaments are thought to bend, leading to slower motility than would be predicted with rigid filaments [47] .
Here, we argue that for the experimental conditions considered here, rigid actin is a reasonable assumption. We then briefly discuss how actin compliance would qualitatively affect our results.
Assuming actin acts as a thin, linearly elastic, cylindrical beam subject to locally small deformations, we can relate its persistence length to its stiffness. In particular, actin's persistence length L p has been measured to be between 10 and 20 µm [34] . Using the relationship L p = E m I/k B T , where I is the second moment of area and E m is the Young's modulus, and assuming a radius of 5nm for actin, actin's Young's modulus is E m ≈ 100MPa. For two myosin molecules 100nm apart (the lowest density of myosin we consider, see Table  2 of the main text), the stiffness of the intervening actin is k actin = EA/L ≈ 80pN/nm. Comparing this value to myosin's stiffness, k = 0.3pN/nm, it is clear that myosin's compliance dominates actin's compliance. For example, if each myosin of the two myosin molecules 100 nm apart generate 4 pN of force, the myosin molecules would deform 13 nm, while actin would deform half an Angstrom. We can qualitatively understand how actin compliance would affect our results. Specifically, from the analytic calculation of actin velocity from Eq. 8, we know that actin speed depends only on the parameter E = −kδ x d/k B T . This parameter determines how much previously attached myosin molecules are deformed when an additional myosin molecule binds and undergoes its power stroke (see the Discussion of the main text). Decreasing the stiffness of actin lowers the effective stiffness k, lowers E, and therefore decreases intermolecular interactions. Thus, increasing actin compliance would decrease, but not eliminate, the myosininduced changes in attachment time, attachment distance and actin speed.
Finally, we note that actin deformation may change myosin's ability to bind, unbind or undergo molecular transitions. Such effects may occur, but we did not need to incorporate them into our model in order to fit the data. Thus, our assumption of actin's rigidity is justified for the experimental conditions considered here.
A demonstration that myosin's duty ratio varies with ensemble size Uyeda et al. [47] introduced a simple method to estimate myosin's duty ratio at a given ATP concentration and in the absence of force. This technique was modified by [16] , and remains a useful tool [53] . This method implicitly assumes that myosin's duty ratio is constant and independent of ensemble size. Our model provides evidence that myosin's strong binding lifetime varies with ensemble size, raising the possibility that duty ratio varies with ensemble size. We performed a series of simulations explicitly demonstrating this effect (see Fig. 4 ). In the simulations of smooth muscle myosin, duty ratio drops by a factor of two as ensemble size increases.
A demonstration that attachment rate affects detachment-limited motility speed Detachment limited motility describes actin speed that is limited by myosin's unbinding from actin. Under these conditions, one may write actin's speed as [40, 21] v act = d on t on
where t on is the expected lifetime of strong binding and d on is the expected distance that actin moves relative to myosin during this strong binding. In order for this expression to be correct, there must always be at least one myosin interacting with actin at any given time. Strictly, this condition holds only when there are an infinite number of myosin molecules that may bind to actin; practically, this condition is approximately correct even for relatively small ensembles (our simulations suggest only a 10% error for ensembles of 20 or 30 available heads, see Fig. 5a ). Our model demonstrates that d on and t on vary as a function of ensemble size (see Fig. 5c ). This result raises the possibility that, even when motility is detachment limited (as defined above), increasing myosin's attachment rate to myosin (k a ) can increase motility rate. We performed a series of simulations that demonstrate this effect.
Let us suppose that we have an ensemble of smooth muscle myosin that undergoes the kinetic scheme in Fig. 1 with parameters as described in Table 1 of the main text. Further, let us suppose that we can measure d on and t on and v act independently (see Fig. 5c ). There will be some error associated with our measurements, so let's assume that if v act is within 10% of d on /t on , then motility is detachment limited (i.e. detachment limited motility occurs if (d on /t on − v act )/v act < 10%). This 10% cutoff is arbitrary, the following demonstration works for any constant percent error.
Given these assumptions, we find that at 1mM ATP, 20-30 myosin molecules result in detachment limited motility. However, if we increase ensemble size, we can increase v act from 0.5µm/s to 0.7µm/s an increase of 40% -well beyond the sensitivity of our measurement (see Fig 5a) . Therefore, if we increase attachment rate we can get a measurable increase in v act . We explicitly demonstrate this effect in Figure 5b , where we consider an ensemble of 50 myosin molecules. Thus, although motility is detachment limited to within experimental resolution, attachment rate affects motility speed (v act ). 
